Sequences of pilin genes from four strains of serogroup B of the ovine pathogen Bacteroides nodosus have been determined. These sequences permit comparisons of amino acid sequence between pilins from different subtypes (B1, B2, B3, B4) of the B serogroup and assessment of intraserogroup variation. Pili of B. nodosus strains 234 (Bi) and 183 (B2) were produced by Pseudomonas aeruginosa harboring a plasmid-borne B.
Ovine footrot infection is restricted to the avascular epidermis of the interdigital skin and hoof, and no natural immunity is developed after infection. However, protection is achieved through immunization of sheep with killed cells of Bacteroides nodosus (8, 10) , the causative organism of ovine footrot, and this immunity may be passively transferred from immunized sheep to naive recipients by gamma globulin (9) . Antibodies appear to be able to diffuse from the vascular system to the infected area of the hoof to combat infection.
The pili of B. nodosus are the major host-protective immunogen in killed, whole-cell vaccines against ovine footrot (20, 31) and are responsible for the agglutination ofB. nodosus cells with antiserum raised against the organism. The agglutination reaction is the basis of systems for serogrouping field isolates of B. nodosus (7) , and nine serogroups, designated A to I, have been defined with isolates from Australian sheep (3) (4) (5) . Purified pili alone are able to confer protective immunity, through vaccination, against a homologous strain (20, 34) , but immunity does not extend to strains of other serogroups (33) . As a consequence, commercial whole-cell vaccines contain strains of B. nodosus from the nine serogroups.
Within individual serogroups, different subgroups (subtypes) can be recognized by the different degree of reciprocal cross-agglutination in tube agglutination tests and by possession of both unique and common antigenic determinants, as demonstrated by cross-absorption studies (3) . The ability of subtypes to elicit cross-protective immunity through shared determinants is of interest to vaccine manufacture because the number of components of a multivalent vaccine is limited by considerations of antigenic competition and economics.
Eighteen subtypes have been recognized among the nine serogroups, a prohibitively high number for inclusion in a vaccine.
In previous studies to determine the extent to which serogrouping reflects cross-protection following vaccination, the two subtypes of serogroup A have been shown to mutually cross-protect against infection (3, 35) . On the other * Corresponding author. hand, subtypes of serogroup H do not cross-protect (unpublished data). However, strains were assigned to subtypes of serogroup H on the basis of low-level mutual cross-agglutination with antisera raised in rabbits (5), but the absence of cross-agglutination between H subtypes with sheep antisera and the extent of differences between amino acid sequences of pilins from H subtypes suggest that these subtypes should not have been classified within a single serogroup (24) . It remains to be shown whether pili from subtypes in other serogroups elicit the production of sufficient cross-reactive antibody for serogroup protection.
Serogroup B of B. nodosus is the most abundant and the most diverse serogroup, with four subtypes recognized in isolates from Australian sheep (5) . Strains from the different subtypes of serogroup B share a major agglutinating antigenic determinant but differ in their pattern of cross-agglutination titers through the presence of other determinants which may or may not be shared with strains from other subtypes (3) . In the present study, we investigate the relationship between pilins from different subtypes of serogroup B by sequence determination of pilin genes and through vaccination studies with pili of these strains. (17, 27) .
MATERIALS AND METHODS
Identification of pilin genes and sequence determination. DNA fragments bearing the pilin gene of B. nodosus 183 were identified in restriction enzyme digests of chromosomal DNA by using a hybridization probe prepared from a previously isolated pilin gene of serogroup A (12, 15) . Following characterization of the pilin gene from strain 183 (B2), a hybridization probe carrying the complete coding sequence of the pilin gene of this strain was prepared from a 0.8-kbp DraI fragment cloned in M13mp8 (29) . This probe was used on Southern transfers of restriction enzyme-digested chromosomal DNA to confirm the presence of a single gene copy in strain 183 (B2) and to identify the fragment of DNA harboring the pilin gene in strains 235 (B3), 112 (B3), and VRS 54 (B4). The same hybridization probes were used in the identification of bacterial colonies which harbored the pilin genes following transformation of host cells with vectors carrying pilin genes. E. coli was made competent for transformation by treatment with CaCl2 (25), and P. aeruginosa was made competent by treatment with MgCl2 (17) .
The sequence of the pilin gene from strain 183 was determined by cloning DNA fragments into M13mp8 for production of single-stranded template to use with a universal primer (29) . The sequences of pilin genes from strains 235, 112, and 54 were determined by using alkali-denatured plasmids (23) and primers synthesized on an Applied Biosystems 381A DNA synthesizer to correspond to common regions of the B serogroup pilin genes.
Preparation of vaccines. P. aeruginosa expressing B. nodosus pili from plasmid-encoded genes (17, 18) was grown in baffle shake flasks at 37°C. Pili detached during culture were harvested from the culture supernatant by precipitation with 0.1 M MgCl2 and then suspended in phosphate-buffered saline. Insoluble debris was removed by centrifugation. Polyacrylamide (15%) gel electrophoresis in sodium dodecyl sulfate showed a single pilin band (Mr, about 17,000) in purified preparations. Purified pili were quantified by a modification (22) The pilin gene in all strains was present on a 7-kbp fragment from SphI-digested DNA. E. coli harboring plasmids carry- ing the pilin gene (as an SphI fragment in pBR322) produced a protein (Mr, about 18,000) which cross-reacted in immunoblotting with antiserum raised against pili of strain 183 ( Fig. 1 ). By analogy with the more fully characterized expression product of E. coli strains which harbor the pilin gene of B. nodosus 198 (12, 14, 15) , these proteins correspond to the encoded prepilins of the gene sequences.
The pilin gene sequences from strains of different subtypes showed extensive similarity ( Fig. 2) , while those of the B3 subtype representatives were identical despite their different origins. A single polypeptide of 161 amino acid residues was encoded by each sequence beginning at ATG362, the most likely choice as initiation codon from the ATGATG362 sequence by the rules of Stormo et al. (36) and by analogy with genes of other N-methylphenylalanine pilins (11) . The encoded sequences (Fig. 3) had a high degree of similarity both to each other and to the previously determined (28) amino acid sequence of pilin from strain 234 (Bi). The relatively few differences found in the comparison of coding sequences were nucleotide substitutions with the single exception of an insertion-deletion at the encoded pilin's C-terminus which failed to alter the length of the encoded sequence. A seven-residue leader sequence preceded the phenylalanine residue which corresponded to the N-methylated, amino-terminal residue of mature pilin; this sequence was identical to the leader sequences of prepilins from other B. nodosus strains determined to date (11) .
The proximal 3' downstream sequences (alignment positions 845 to 972 of Fig. 2 ) are identical in pilins from strains 183 (B2), 235 (B3), 112 (B3), and VRS 54 (B4), but this limited sequence shows no similarity to the limited published sequences of other B. nodosus pilin genes available to date except in the transcription terminator region (11) . This contrasts with the near identity of sequence downstream of pilin genes from strains 198 (Al) and 238 (Gl) or strains 265 (Hi) and 340 (D) (12, 19, 21 (Table 1 ). These differences presumably arose through homologous recombination between allelic regions upstream of the pilin gene subsequent to the divergence of pilins into subtypes. Mixed infections, often present in a single foot, presumably presented an opportunity for generating this further diversity.
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Vaccination trials. The incidence and severity of infection, as seen from the control groups, varied due to differences in the virulence of challenge strains (Table 2) . Nonvaccinated control groups were severely affected by strains 234 (B1) and 334 (B2), whereas infection by strain 112 (B3) was considerably less severe. Despite these variations in the severity of challenge, it was apparent that sheep vaccinated with pili of strains 183 (B2) exhibited high levels of protection against challenges with both the homologous subtype (B2) and heterologous subtypes (Bi or B3). These sheep showed far fewer infected feet (footscores .2 [see Table 2 , footnote a, for definition of scores]) and a significantly lower incidence of severe infections (footscores -3c) with the more virulent challenge strains than nonvaccinated groups. In contrast, sheep vaccinated with pili of strain 234 (Bi) were less well protected against challenge with strains of heterologous subtypes (B2 and B3) and showed significant protection only against challenge by a homologous strain.
The magnitude of a serum agglutinin titer is sufficiently dependent on the quality of antigenic preparation, technique, and endpoint determination that the absolute value of a titer has little significance. Despite this limitation, the significant difference (P < 0.001) between the group mean titers to strain 234 antigen (Table 3) for the two vaccine groups needs to be addressed, since both groups of sheep were resistant to infection by strain 234 (Table 2) . Similar "anomalous" lack of reciprocal cross-reactivity between strains and antisera has been found frequently and may depend on the relative immunogenicities of various antigenic determinants of the pilus (6) .
In previous studies on sheep vaccinated and challenged with the same strain of B. nodosus, a correlation between group mean titer and resistance to infection (34, 38) was demonstrated. Thus, if agglutination constitutes a major mechanism of immunity, then the lower titer to the heterologous strain in the present study may reflect a paucity of common agglutinating determinants between strains 183 and 234, which is nevertheless sufficient to exceed a threshold level required for resistance to infection. Alternatively, the protective antibody directed against the pilus may not be an agglutinin, with agglutinin production and immunity being separate independent responses to vaccination with pili. A similar interpretation has been used to explain the lack of correlation between resistance and the agglutinin response of individual sheep to vaccination (34) . c The possibility of nonspecific protection (1) through vaccination has been excluded in other studies in which pili of a different serogroup from the challenge strain (18, 33, 35) or pili from another bacterial species (17) failed to elicit protection.
depends on the presence of common agglutinating antigenic determinants on pili of both the typing and test strains. Greater amino acid sequence identity might therefore be expected between pilins from different subtypes within a serogroup than between pilins from different serogroups. This presumption is supported by the data presented above: the pilins of the B serogroup displayed from 89 to 95% identity in amino acid sequence (Fig. 3) , but showed no greater than 76% identity with pilins of other serogroups (11) . By comparison, the maximum degree of identity between pilins from different serogroups was only 81%. The sequence variation in pilins from serogroup B is characteristic of genetic drift. It contrasts with the dramatic changes in antigenic profile of single strains of Neisseria gonorrhoeae and Moraxella bovis, which is associated with recombination between multiple pilin genes (or parts thereof) in the genome (26, 30) . Only a single pilin gene has been detected in the B. nodosus genome (15, 16, 21) .
In sequence comparisons of closely related pilins from different serogroups of B. nodosus, four hypervariable regions were noted (residues 57 to 64, 83 to 94, 117 to 124, and 132 to 142) and were suggested as potential antigenic determinants (11) . Residues at the C-terminus of the pilin molecule, present at or beyond residue 151, are also highly variable (11) . Comparison of pilin sequences of the B subtypes shows that substitutions which occur outside the interserogroup hypervariable regions are generally conservative (e.g., V-45 to I, G-77 to A, T-103 to A, D-125 to E, E-71 to Q) or compensatory G-110-D to EG), while nonconserva- 58, 1990 on October 13, 2017 by guest http://iai.asm.org/ Downloaded from from a Bi subtype was much less effective in protecting against challenge by strains from other B subtypes. In whole-cell vaccines, the presence of non-pilus, cross-protective antigens (32, 33) might provide additional protection against infection from strains of different subtypes, making the choice of subtype less important. However, in formulating a multivalent, pilus-based vaccine, the choice of subtype may be more critical than in whole-cell vaccines in order to elicit similar wide-spectrum protection.
